In this paper, a three level duty cycle controlled half bridge LLC converter for EV charger application is presented. The topology and operating regions of the converter are discussed. The equations of the converter are derived in time domain. A small signal model of the converter is developed by perturbation and linearization of the steady state model about their operating point using Extended Describing function.
Introduction
LLC resonant converters are gaining popularity in industrial applications such as electrical vehicle chargers, renewable energy etc. due to its ability to achieve high efficiency at a wide input operation range while providing soft-switching. However, amount of research conducted on duty controlled LLC converter or three level LLC is very limited [1] [2] [3] . This paper introduces a half bridge three level LLC series resonant converter driven by duty controlled PWM signals. The small signal model is achieved by applying extended describing functions for duty controlled output.
Three Level LLC Converter

Circuit topology
The circuit configuration of the three level LLC converter is presented in Fig, 1 . The circuit contains 4 MOSFET switches S1~S4 in half bridge configuration. The switches S1 and S4 are driven by duty controlled signals (D <=0.5).
Circuit operations
The proposed LLC converter operates in six modes.
The operating waveforms are shown in Fig. 2 . The operation modes and the steady state operation are discussed below in time domain: 
Mode 1 (t -t ) = :
This interval starts when S1 & S4 is turned on. and starts to increase.
2.
Mode 2 (t -t )= : This interval begins when S1 is turned off and S4 is on.
is still increasing but starts to decrease.
Mode 3 (t -t )= :
When becomes equal to , mode 3 begins.
The modes t -t , t -t and t -t are similar to the first half of the operational modes but opposite in polarity. The difference between I and I i.e energy from t to t is transferred to the secondary. The output is clamped at . The operational waveforms are given in Fig. 2 and the describing equations are summarized in Fig. 3 . Unlike two level LLC resonant converters [4] , the time intervals and initial conditions are rather complex to analyze. This paper aims to approximate the initial conditions and time interval under certain load conditions. The time t1 can be described as t = ,
where T =switching period However solving for the time T is further complex and has scope for research. This paper uses a linear regression model using the simulation data: The initial value approximation has been conducted for high load condition. The values are approximately similar and thus load parameter has not been included. The above equations can be verified through simulation. 
Small Signal Equivalent Circuit model
The large signal model is achieved through E. Yang's method [5, 6] . Consequently, the model and perturbed and linearized around the operating point to obtain the small signal model. The state variables and the input variables are expressed as: 9 = :;̂ %= ;̂ %1 ;̂ = ;̂ 1 > ? !%= > ? 1%1 > ? 1 @ A and B = [ D E F G = ] A , where d J and ω G is the perturbed value of duty and frequency. The converter is operated at resonant frequency when duty control is performed. Upon deriving control-output transfer function, the model can be verified and the controller can be designed. The small signal model is presented in Fig.5 and bode plot is given in Fig. 6 according to Eq. (16) and simulation via MATLAB. 
Conclusion
The three level LLC converter has been analyzed and modeled and can be regulated by duty cycle. The control-output transfer function is of reduced order due to duty control method. The analysis can be further verified through simulation.
